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SUMMARY 
The purpose of the present program has been the investigation of the 
following: 
1 .  
2. 
3. 
The growth of B C whiskers. 
Characterization of the B C whiskers in t e r m s  of mechanical 
properties and crystalline perfection. 
Incorporation of B C whiskers in composite specimens. 
4 
4 
4 
B C whiskers have been grown in a chimney-type graphite resistance 
The temperature gradient developed at  the chimney top controls 
4 
furnace. 
the supersaturation of B C vapor for subsequent nucleation and growth of the 
whiskers. The geometry of the whisker growth zone of this furnace causes 
the whiskers t o  grow curved instead of the more desirable straight variety. 
Studies were continued on investigating the effects of the growth and 
4 
deposition-zone geometry of the chimney type furnace on whisker production. ,, 
The new furnace geometry continues t o  produce markedly more  whiskers p e r  
run. Efforts a r e  continuing to  increase the length of the whiskers since they 
a r e  presently shor te r  than the whiskers grown by the internal mandrel technique. 
A renewed effort has beenmade to  grow B C whiskers by the dynamic 
method. Kinetic and thermodynamic calculations have been re-examined and 
equipment accumulated. 
4 
0 
Annealed whiskers have straightened af ter  heat treatment above 1500 C. 
The (oko) plane of these whiskers have roughened increasing the probability 
of notches which in turn can influence the strength of the whiskers. Whiskers 
0 0 
annealed a t  1700 C and 1900 C were thus weakened; however, whiskers annealed 
at 1600 C straightened and still retained their  as-grown strength. 
0 
i v  
A1-B C composites were fabricated by infiltration and tensile tested 
The 
4 
at room temperature. 
composite contained low concentrations cf whiskers in the 5% to 10% range. 
The strongest composite tested at  13000 P. S. I. 
V 
. 
I. INTRODUCTION 
Boron Carbide (B C) whiskers exhibit attractive properties for utili- 
In t e r m s  of their high strength, low density 
I 
4 
zation in composite materials. I 
I and high elastic modulus, 
offer a great  potential for high strength-to-weight or  high stiffness-to-weight 
these whiskers when utilized a s  reinforcements, 
~ 
~ 
~ 
I 
materials for  future space applications. In addition, their  refractory properties 
I 
make them valuable a lso for high temperature applications. 
Although more  than one method of B C whisker growth has been studied, 4 
the most successful one to date has been the pure vapor method''). This I 
method consists of the vaporization of B C powder at  high temperatures and 
subsequent condensation of B C whiskers on a graphite substrate at a lower 
temperature. It has been used to study the growth parameters  and to  obtain 
an adequate whisker supply for composite fabrication. 
the whisker deposition a r e a  of the pure vapor method has led to  increased 
whisker production and to reduction of the number of curved whiskers. 
ever ,  it is apparent that this process will not be amenable to  scale-up because 
of the slow rate of growth of the whiskers and also the severe temperature 
conditions necessary t o  initiate and sustain growth. 
the dynamic vapor process(2)  was initiated. This approach holds the greatest  
promise of success since B C whisker supply is a cr i t ical  problem which must  
be solved. 
4 
4 
Geometric changes in  
HOW- 
Thus a renewed look at 
4 
It had been observed that long t ime annealing of B C whiskers a t  high 4 
temperatures resulted in the straightening of curved whiskers. 
showed that annealing had not up-graded the strength of B4C whiskers. 
These studies were continued and included whiskers annealed for one hour 
a t  18OO0C, 17OO0C, 16OO0C, 15OO0C, 130OoC and llOO°C. 
at 1500 C and lower no longer straightened. 
showed a weakening of the whiskers annealed above 1600 C. 
x-ray examination of the whiskers before and af te r  annealing showed that a t  
high temperatures a roughening of the (oko) plane occurred leading to the 
speculation that these added notches could account for the low strength values 
found. Tensile tes ts  of whiskers annealed a t  1600 C showed that their  tensile 
Tensile t e s t s  
Whiskers annealed 
0 
Room temperature tensile tests 
0 
Optical and 
0 
strength \\.as unaffected by the heat treatment and essentially duplicated the 
a s - g r oum va 1 u e s . 
Aluminum-B C whisker composites were produced by vacuum infil- 4 
( 3 )  tration . F r o m  a fabrication point of view, excellent appearing composites 
of high density (no voids, etc. ) were cast. 
were performed a t  room temperature but no improvement in mechanical 
properties over those composites made previously 
Tensile tes ts  of the composites 
( 3 )  was noted. 
11. EXPERIMENTAL PROCEDURES AND RESULTS 
A. GROWTH STUDIES 
(1) A modification of the deposition zone discussed in a previous report  
resulted in a n  increase of approximately an order  of magnitude in the number 
of whiskers grown pe r  run. 
An added resul t  of the geometric change has  been the reduction of the 
number of curved whiskers grown. 
alteration of the symmetrically shaped temperature gradients which were 
present in the fo rmer  deposition geometry. 
results have not solved the whisker supply problem o r  simplified the growth 
process  so  that scale-up of the process would be feasible. 
has  been pointed out already, the evaporative method for  preparation of boron 
carbide whiskers is a simple and convenient way of obtaining research  quantities 
of mater ia ls ,  the yield p e r  unit operating t ime and unit power input is low and 
total  production is insufficient for fully investigating the important areas of 
coating and composite formation. Consequently there  is a pressing need to  
investigate on a more  detailed level, the chemical approach t o  whisker forma- 
tion. 
program(2)  but was se t  aside in  favor of the evaporative method to acquire 
sufficient mater ia l  for  characterization. In the interim, work on other pro- 
g rams  has added to  the background of experience available for  reopening the 
study of dynamic vapor processing (DVP) methods. Accordingly, apparatus 
was assembled to permit passage of reactive boron - and carbon - containing 
mater ia ls  into a heated tube under controlled conditions. 
This occurs presumably because of the 
However, even these encouraging 
Thus, although as 
This method had been subjected to preliminary study ea r l i e r  in the 
Several factors contribute t o  the yield and type of whiskers which may 
be grown f rom a particular chemical system. 
and kinetics of proc;uction of reduced species in the vapor phase, concentration 
and gas velocity, temperature  and total p ressure  which influence diffusion rates ,  
and the nature of the substrate. 
will be made in  the region of 1400 Cy  using boron trichloride and carbon te t ra-  
chloride a s  gas species, with hydrogen as a c a r r i e r  and reducing agent. At 
this temperature , the thermodynamics of reduction of boron trichloride and 
These include the thermodynamic 
As a point of departure,  initial depositions 
0 
3 
carbon tetra-chloride, a t  low concentrations in the gas phase, indicate that 
the equilibrium vapor pressures  of both carbon and boron will be fa r  exceeded, 
and that therefore deposition will occur. 
ductions are unknown and must  be determined experimentally. 
experience on other programs indicates that boron is rapidly reduced and 
carbon less so. 
point on the deposition surface is a l so  unknown. 
slow process and influenced by the concentration gradients and stoichiometry 
of depositing species, experimental approaches must be used to determine at  
what gas velocity and feed ratios deposition may be expected in whisker form. 
However, the kinetics of these re- 
Previous 
However, the stoichiometry of depositing species a t  any given 
Since whisker growth is a 
Several experimental runs have been car r ied  out to  date in  which 
0 
temperatures  in the vicinity of 1250-1300 C were reached with the available 
power supplies. 
container (a graphite tube was used as the deposition surface),  only aluminum 
oxide, and beta silicon carbide from the mullite tube were formed on the graph- 
ite surface. 
temperature.  
it has been abandoned in favor of more  the versati le graphite resistance heated 
furnaces. 
B. WHISKER ANNEALING STUDIES 
In one case  in which a mullite tube was used a s  the substrate 
Using a quartz containing tube, no deposit was observed at this 
Since the deposition system was limited in  power and versatility, 
Construction and arrangement of this system is now in progress .  
Many of the B C whiskers grown by the pure vapor method a r e  curved 
4 
and a l so  have growth steps on their surface. 
to  contain significant residual stresses") which could lead to  weakened mater ia l  
Curved whiskers have been shown 
while whiskers which contain severe growth steps can be weakened significantly 
because these growth steps could act  a s  s t r e s s  r a i se r s  with notch efficiences 
of 5 to  10. 
(3) Previous results had shown that such a reas  undergo a change in  
geometry after extensive annealing and therefore,  experiments were perfromed 
t o  determine whether annealing improves the properties of B C whiskers. 
Results after anneals at 1900 C were not encouraging. 
extended during this reporting period to  include one hour anneals at 1800 
17OO0C, 15OO0C, 13OO0C and llOO°C. 
4 
0 
These studies were 
0 
C ,  
Further  studies on the morphology and 
4 
crys ta l  s t ructure  of annealed whiskers were a l so  made and a r e  presented in 
another section of this report. 
(1)) The tensile data on a l l  annealed samples (including previous work 
a r e  presented in Table I. 
tu res  above 1600 C are weakened by the annealing treatment. 
the heat treatments which do not have a straigthening effect on the curved 
whiskers leave the whiskers as strong as the as-grown whiskers. 
a t  annealing temperatures  below 1600 C. 
1600 C appreciable straightening of curved whiskers has occurred without 
the weakening effect observed a t  higher temperatures.  
It is apparent that specimens annealed a t  tempera- 
It is noted that 
0 
This occurs 
0 
Further ,  it i s  observed that a t  
0 
5 
TABLE I 
STRENGTH OF ANNEALED AND AS-GROWN B C WHISKERS 
Spec. No. Heat Treat  LT(mm) 
1 : 1900°C 1 h r  1. 50 
2: 190OoC 1 h r  1.84 
3 ::
4* 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1 7 :: 
18:: 
190OoC 1 hr 2. 90 
i900°C 1 h r  4.24 
170OoC 1 h r  -- 
170OoC 1 h r  4.53 
170OoC 1 h r  5.57 
160OoC 1 h r  3. 32 
1600OC 1 h r  2. 60 
1500°C 1 h r  3.89 
150OoC 1 h r  3.59 
150OoC 1 h r  3.77 
130OoC 1 h r  3.38 
130OoC 1 h r  2. 87 
llOO°C 1 h r  2. 28 
llOO°C 1 h r  4.95 
as-  g r o w  - -  
a s - g r o w  4. 51 
LO(=) 
0. 60 
0.55 
0.77 
0.57 
1.71 
0.86 
1.98 
0.54 
0.44 
0.49 
0. 58 
0.55 
0.66 
0.60 
0. 50 
0.46 
0.87 
0.35 
4 
2 
Area( p ) 
92.6 
43.5 
43.6 
71. 5 
38.8 
163.0 
31.5 
a m( PSI) 
100,000 
336,000 
147,000 
169,000 
184,000 
272,000 
326,000 
5.95 1,200,000 
68.0 370,000 
21.8 490,000 
264.0 324,000 
9.4 295,000 
11.5 566,000 
24.1 710,000 
30. 5 410,000 
42. 5 735,000 
141.3 873,000 
22.4 760,000 
:: Previocls work 
6 
. 
(h, 0, 0). There w a s  no indication in  the diffraction photographs of individual 
7 
A. BEFORE HEAT TREATMENT - B. AFTER HEAT TREATMENT 
'*P 
0 Figure  1. B C Whiskers  Before and After Heat T rea tmen t?  1800 C, 1 Hour,  
8?  x 10-  
Produced on the (oko)  Surfaces  Through Heat Trea tment .  
T o r r ,  Magnification = 1300X. Note the  I r r egu la r i t i e s  
8 
Photograph o f  t h e  so l eno id  s h u t t e r  as  i t  i s  i n s t a l l e d  
i n  t h e  vacuum chamber. The s h u t t e r  b lade  is a t  t h e  l e f t  
and t h e  electron-beam evapora t ion  source i s  a t  t h e  upper 
c e n t e r  
F I G U R E  2 
Figure 1B (compare with the "before" whisker shown in 1A). Close exami- 
nation of Figure 1B reveals that only those crystal  edges parallel  t o  the left 
edge experience roughening. 
question a r e  the (001) and (oko) planes. The (001) family of planes is parallel  
t o  the surface containing the triangular steps (e. g., parallel  to  the plane of the 
photograph) in  Figure 1B. 
A schematic representation of a portion of a typical heat treated whisker show- 
ing the resulting roughening is presented in Figure 2. 
The planes which intercept to form the edges in 
The (oko) planes a r e  perpendicular t o  the photograph. 
Roughening probably results f rom one or  both of the following reasons: 
(a) The rate  of evaporation of B C f rom the (oko) planes is markedly 
However, this does not s eem to  be likely 
4 
grea ter  than f rom other planes. 
since the overall appearance of the (001) planes are somewhat smoother after 
thermal  treatment. 
(b) The (001) plane edges a re  very reactive to the ambient atmosphere 
to r r )  under the conditions of annealing time (1 hour) and tem- 
This appears to be the most  logical explanation for the 
- 3  
(a i r  at 85 x 10 
perature  (18OOOC). 
ob s e rved roughening. 
As may be seen in  Figure lB, and i s  a lso shown in the sketch of Figure 
2, the boundary o r  edge formed by a smooth (001) plane and a roughened (oko) 
plane is extremely irregular.  
Irregularit ies of this kind a re  in effect notches in the crystal. These 
notches then act a s  s t r e s s  r a i se r s  which in turn serve to weaken the crystal. 
Hence any gain in strength resulting f rom internal s t r e s s  relief through straight- 
ening the whisker by annealing is probably more  than offset by the weakening 
due to  notch formation during the annealing process. 
Therefore, unless annealing is done at low temperatures (ca. 160OOC) 
- 6  -7 
o r  at  low pressures  (ca. 10 - 10 to r r )  o r  in an iner t  atmosphere (e. g. He), 
annealing will probably be deleterious to  whisker strength. 
1 -  
I 
Figure 2. Schematic Representation of Thermally Treated B C Whisker 
Showing Roughened (oko) Planes and Resulting Edge 4 Notches. 
10 
III. COMPOSITE FABRICATION AND TESTING 
Aluminum - B C whisker composites were fabricated by a liquid 
(3) 
4 
infiltration method developed ear l ie r  
with Ni-Ti t o  promote wetting and separated by screening into four groups 
according to  average length. 
long. 
fine group was in  the 1 /8"  t o  1 /16" range. 
debris which was left. 
. All whiskers on hand were coated 
The long group of whiskers were at  lea$: 1/4"  
The medium length group was in the 3/16" to  1/8" length range, the 
A fourth group contained al l  the 
The composites were of excellent quality, however, a s  has been the 
case in  the past, high volume fraction loadings of the specimens could not 
be achieved. Thus the tensile values obtained on the specimens (Table 11) 
a r e  only indicative of composites containing volume fractions in the 5 to 30 
percent range as confirmed by cross-section studies of the fractured a reas  of 
the tensile tested specimens. 
posites have been encountered before (1, 3) and a r e  attributable to  whisker 
curvature and whisker roughness. 
These low concentrations of whiskers in com- 
Thus it is apparent that the growth and separation of strong, smooth 
straight,  long B C whiskers still continues to be a cr i t ical  problem a r e a  for 
study. 
4 
11 
TABLE I1 
TENSILE DATA FOR BqC-A1 FORMED BY INFILTRATION TECHNIQUE 
0 
Sample # Whisker length Test  Temp C UTS PSI 
080201 , (See text) 
I 
I 
Test  #1 
Test #2 
080202 
Tes t  #1 
Test  #2 
1 ong 
med. 
RT 
RT 
RT 
RT 
8,900 
9,400 
11, 500 
13,200 
RT 10,000 I fine 080203 
12 
L 
IV. CONCLUSIONS 
1 .  Although considerable progress  has  been made in B C whisker 4 
growth technology using the pure vapor method, geometric conditions existing 
within the growth a r e a  res t r ic t  the perfection and ultimate length of whiskers 
which can be grown. 
because of low material transport rate and high operating temperatures.  
a more  exhaustive study of the Dynamic Vapor Process  has been started. 
hoped that B C whiskers can Llen be grown at higher ra tes  and at  lower tem- 
peratures.  
.- 
Further ,  the vapor process is not amenable for  scale-up 
d 
Thus, 
It is 
4 
2. Annealing studies have shown that extensive weakening of B c 4 
whiskers occurs when the whiskers a r e  heated in vacuum for one hour above 
160OOC. 
as-grown whiskers occurs,  the excessive loss  of mater ia l  has a weakening 
effect on the whiskers. Whiskers annealed for 1 hour at 1600 C lost  their 
curvature but still retained their as-grown strength. 
developed which can be used to reduce whisker curvature i f  this problem persis ts .  
Whiskers annealed for one hour at 1500 C and below show no reduction in  cur-  
vature,  surface roughness, o r  strength. 
Although an apparent decrease in surface roughness and curvature of 
0 
A technique has thus been 
0 
3 .  No high strength composites of A1-B C whiskers have been made due 4 
to an insufficient volume fraction of whiskers in the composites. 
of high density composites requires whiskers which a r e  smooth, straight and 
long. Since the problems of surface roughness and curvature of B C whiskers 
grown by the pure vapor method have not a s  yet been solved, packing densities 
of over 5 to  10% by volume have not been reached. 
The packing 
4 
1 3  
V. FUTURE WORK 
The ultimate goal of this program is  the development of high strength 
composites reinforced with discontinuous whiskers of B C. The attainment 
of this goal depends f i rs t  on a supply of long, high strength, structurally per-  
fect  B C whiskers. The potential strengthening qualities of B C whiskers has 
been shown; the production of large quantities of mater ia l  for  composite studies 
is lacking. 
4 
4 4 
Further  work then will be directed along two separate paths: 
4 1. The attainment of a B C whisker growth process which i s  
amenable to  scale-up and capable of growing high quality material .  
that the Dynamic Vapor Process  has the greatest  potential of achieving success  
in this 'cri t ical  area.  
It is felt  
2.  A large supply d cdntinuous filaments of B C vapor deposited 
on a tungsten substrate is available to serve  a s  a substitute system to the 
B C whisker system while the growth a rea  i s  being crit ically examined. Thus, 
composite technology can be advanced without a whisker supply with a minimum 
of transition envolved when and if B C whiskers become available. 
4 
4 
4 
Initially, chopped B C filaments will be substituted for whiskers and 4 
A1-B C composites containing chopped filaments fabricated. 
these composites will then be studied a s  a function of volume fraction, cr i t ical  
length to  diameter ratio, spacing geometric, orientation, etc. a s  t ime and funds 
permit. 
The strength of 4 
14 
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